Synchrotron phase sensitive radiography, optical and scanning electron microscopies, and color photoluminescence have been used to study the interaction of micropipes with foreign polytype inclusions in 4H-SiC bulk crystals grown on 6H-SiC substrates. This combination of techniques confirms that micropipes agglomerate at the polytype inclusions and merge into pores. A mechanism for this phenomenon is suggested based on a three-dimensional theoretical model; the inclusion boundaries elastically interact with micropipes, causing them to migrate from the bulk to their equilibrium positions at the polytype boundaries. The turning of micropipes towards the inclusions is experimentally demonstrated, and the reduction of their density in nearby regions is revealed. Supported by experimental observations, our model helps to understand the pore formation and expansion in SiC bulk crystals.
I. INTRODUCTION
Due to its large band gap, high thermal conductivity, and high breakdown voltage, SiC is an excellent candidate for high-power, high frequency, high-temperature, and radiationresistant devices ͑see, e.g., a review 1 ͒. However, despite the significant progress in SiC technology during recent years, SiC bulk crystals still contain a large number of different defects, which strictly limit the opportunities for SiC device applications.
2-11 Defects in SiC crystals include dislocations, inclusions, stacking faults, small-angle and polytype boundaries, macropores, etc. 11 However, the most deteriorative defects in SiC are micropipes ͑MPs͒, which represent the hollow cores of screw superdislocations with large Burgers vectors. The diameters of MPs reach tens of micrometers, and they commonly propagate along the crystal growth direction and thread the crystal through.
Different authors attributed the formation of MPs to the presence of second phase inclusions, [12] [13] [14] impurities, [15] [16] [17] cavities, 14, 18 surface steps, 14, 19 and inclusions of foreign polytypes. [16] [17] [18] [19] [20] [21] Recent experimental observations [21] [22] [23] demonstrate that, in bulk SiC crystals, MPs most frequently group together at the interfaces of inclusions of different SiC polytypes-structural modifications of SiC differing in only one crystallographic direction. 1, 24 The grouping of MPs at the polytype boundaries in SiC may lead to their coalescence into pores or to the generation of macrocracks 25 that may result in the complete crystal failure. The pores generated in this way may also grow by absorbing MPs. For example, the growth of pores due to the absorption of MPs in SiC has been observed using synchrotron radiation ͑SR͒ phase radiography. 26 The observations were interpreted in the framework of the following qualitative model. Due to the lattice mismatch, the inclusions of foreign polytypes create elastic misfit strains which may effectively be relaxed through the appearance of MPs at the inclusion boundaries. When the density of MPs along such a boundary becomes high enough, they merge and form cavities. Both the misfit strains ͑although diminished because of partial misfit relaxation͒ and the cavity free surfaces attract new MPs from the surrounding area to the inclusion. As a result, the cavity absorbs new MPs, thus propagating along the inclusion interface as well as into the bulk of the matrix. Similar explanations for the presence of MPs at polytype a͒ Author to whom correspondence should be addressed; electronic mail: jhje@postech.ac.kr boundaries have recently been suggested by Zhu et al., 27 who presented the SEM images of MPs at the interface between 4H-SiC and 6H-SiC polytypes. Such experimental results confirm that MPs interact with foreign polytype inclusions appearing during the growth of SiC crystals. However, no mechanism has been proposed to explain how an inclusion attracts MPs from the bulk and accumulates them at its boundary. ͑The generation of MPs at the inclusion boundary 13 is out of scope of our investigation.͒ In the present work, synchrotron phase sensitive radiography, optical and scanning electron microscopies, and color photoluminescence have been used to study the interaction of MPs with foreign polytype inclusions in 4H-SiC bulk crystals grown on 6H-SiC substrates. This combination of techniques confirms that MPs agglomerate at the polytype inclusions and merge into pores. Based on these experimental results, we develop a model of a polytype inclusion interactions with MPs near the free surface of a growing crystal and perform a quantitative analysis of the elastic interaction of MPs with polytype inclusions. Within the model, we calculate the forces exerted on MPs by the polytype inclusion and find the MP equilibrium positions.
II. EXPERIMENT

A. Samples and techniques
Several wafers were cut from 4H-SiC boules grown by the sublimation sandwich method. 28 One wafer, 0.4 mm thick and misoriented 8°away from the basal plane, was further cut into 0.5 mm wide bars. The boules had been grown on carbon-terminated ͑0001͒ faces of the 6H-SiC seeds in argon atmosphere and in the presence of Sn vapor. The growth temperature was 2180°C and the growth rate was 0.5 mm h −1 . The Sn vapor promotes the transformation of the polytype of the substrate into 4H-SiC. 28 The crystals were N doped and had a n-type conductivity. N 2 pressure in the growth chamber was 133 mbars.
X-ray phase sensitive radiographs were taken at the Pohang Light Source, Pohang, Korea. The source with the size 60 m͑H͒ ϫ 160 m͑V͒ was located 34 m from the specimen. The energy of continuous spectrum changed from 6 to 40 keV. Images were recorded on a charge-coupled device ͑CCD͒ detector with a 1600ϫ 1200 pixel matrix after the conversion of x rays into visible light with a 200 m thick CdWO 4 scintillator. The width of the view field defined by optics was 0.7 mm ͑H͒. The best resolution was ϳ2 m. The distance from specimen to detector was 6 cm.
The radiography experiment was performed in two regimes: ͑1͒ via the translation of the wafer to detect MP distributions over the area and ͑2͒ via the rotation of the bar samples to reveal the spatial orientations of MPs. In the latter case, the rotation axis was perpendicular to the beam and parallel to the long edges of the bar ͑Fig. 1͒. The rotation interval was 180°with a 2°step. The images were recorded in a step by step sequence.
Optical micrographs were taken on a Zeiss universal microscope equipped with a CCD. Scanning electron microscopy was done on a JEOL JSM-6330F FESEM operating at 12 kV. Photoluminescence ͑PL͒ images of polytype inclusions were taken with the PL microscope in visible as well as ultraviolet light under the magnifications of 50ϫ -200ϫ. Figure 2͑a͒ shows an optical micrograph of a typical pore located at the boundary of a foreign polytype inclusion. The pore uncovers a slit on a molten KOH treated surface; the image of the slit was obtained with a PL microscope when the light from an ultraviolet source is masked by a filter. Figure 2͑b͒ displays the illumination of the inclusion itself excited by an ultraviolet light at room temperature. When the inclusion is located close to the wafer surface, its polytype can be easily identified by the color of PL. In low N doped samples at room temperature, 4H and 6H polytypes have green and yellow PLs, respectively. 28, 29 In Fig. 2͑b͒ , a 6H inclusion in a 4H matrix is seen. A sketch of the inclu- sion, pore, and MPs is shown in Fig. 2͑c͒ . Figure 2͑d͒ shows a detailed scanning electron microscopy ͑SEM͒ picture of the pore opening, while Fig. 2͑e͒ displays a SR phase radiograph of the foreign polytype inclusion and surrounding matrix. This phase radiograph demonstrates MP grouping at the inclusion boundary and provides evidence that the pore at the inclusion boundary has formed as a result of MP accumulation and merging. The pore width is of the same order as the diameters of MPs, and the pore shape follows the shape of the inclusion boundary.
B. Experimental results
For the purposes of the model presented below, it is important to find a way by which MPs accumulate at the inclusions. While scanning electron and optical microscopes are able to reveal pores and MPs only in thin slices, x-ray phase radiography can elucidate the spatial distribution of MPs. Figure 3 shows several representative images among the sequences of the images registered while rotating the sample in the SR beam. The sample had the shape of a bar ͑Fig. 1͒. When the longitudinal-cut surface of the bar was illuminated, the whole lengths of MPs were seen, and their deviations from the growth direction could be estimated ͓Fig. 3͑a͔͒. In the figure, a relatively thick MP ͓indicated as MP1 on Fig.  3͑d͔͒ follows the growth direction, while the much thinner ͑and therefore much more mobile͒ MP2 inclines towards the inclusion boundary. On the other hand, the thick MP3 also bends towards the inclusion, and its surface becomes steplike. MP4 revolves about MP5, which follows the growth direction. The inset in ͑e͒ displays twisted MPs turning to another inclusion of 6H-SiC occurring in the same crystal.
Earlier, the reactions of MPs-twisting and bundlingwere discussed in terms of the stress fields from other surrounding MPs. 23, 30 However, in this study, stress fields seem to also result from the inclusions. The remarkable deviation from the growth direction, the transformation of shape, and the reactions of MPs prove that they are strongly influenced by the inclusions. Attracted by the inclusions, MPs collect into bundles at the inclusion boundaries.
This phenomenon was observed throughout this crystal and other similar crystals. The gathering of MPs is followed by the reduction of their density in the neighboring regions. conclude that MPs in the vicinity of polytype inclusions can reach the inclusions and participate in the pore formation and expansion.
III. THEORY
A. Basic ideas
To explain and theoretically describe the observed effect of MP gathering at the inclusion boundaries, we use the following basic ideas.
First we assume that the inclusion possesses its own elastic ͑misfit͒ strain fields due to the difference and/or misorientation of its crystalline structure with respect to that of the matrix. These geometric differences may be summarized in terms of eigenstrains or plastic distortions. 31 If we know the tensor of plastic distortion of an inclusion, we can calculate ͑at least, in principle͒ the elastic fields ͑displacements, strains, and stresses͒ inside and outside the inclusion and its strain energy. To illustrate the physical sense of plastic distortion, let us consider a simple case where the tensor of plastic distortion ␤ kl i* has only the nonvanishing shear component ␤ xz i* ͑Fig. 5͒. This component may be introduced by a free shear of the inclusion domain along the yz plane. Following Eshelby's approach, first, the inclusion domain is imaginarily extracted from the solid ͑matrix͒. In their initial states, both the extracted domain and matrix are supposed to be free from any distortion. Therefore, the total distortions ␤ xz m ͑in the matrix͒ and ␤ xz i ͑in the inclusion͒ are equal to zero. Second, the extracted domain is freely sheared along the yz planes in the z direction by the angle ␤ xz i* . In this homogeneously sheared state, the domain is plastically distorted, and its total distortion is equal to its plastic distortion:
Third, the plastically distorted domain is embedded back into the matrix. As a result, the matrix also becomes distorted. If there is no plastic relaxation within the matrix, its total distortion is purely elastic: ␤ xz m = ␤ xz m,el . In its turn, the introduced domain must also be distorted elastically, and its total distortion is equal to the superposition of its initial free plastic distortion ␤ xz i* and elastic distortion ␤ xz i,el ͑which results from the matrix action͒: ␤ xz i = ␤ xz i* + ␤ xz i,el . After such a procedure ͑Eshelby's procedure͒, the inclusion and matrix are in elastic equilibrium. Their elastic distortions create the corresponding elastic stresses both inside and around the inclusion which may be calculated analytically. In Sec. III B we give a simple example of such calculations for a two-dimensional ͑2D͒ model of an inclusion which possesses one or two nonvanishing shear components of plastic distortion.
Second the elastic stresses of the inclusion can interact with MPs. Generally speaking, there are two types of such elastic interaction. The first type is the elastic interaction with the screw dislocations which belong to the MPs. The second type is the elastic interaction with the cylindrical free surfaces of the MPs. In the framework of the current paper, we deal with the first type of interaction only and leave the consideration of the second for forthcoming publication. The force of elastic interaction with an inclusion stimulates a MP to migrate towards it.
Third when the migrating MP reaches the inclusion boundary, it partly accommodates the misfit strains generated by the inclusion. Again, one can subdivide this accommodation into two imaginary types. Accommodation of the first type is caused by the screw dislocation which diminishes the plastic distortion of the inclusion as well as its elastic fields. A sketch illustrating this type of accommodation is shown in Fig. 6 for the case of the only nonvanishing shear component ␤ xz i* of the inclusion plastic distortion. Here the screw dislocation locally decreases the step at the inclusion boundary. As is seen, one can expect the most effective accommodation if the dislocation stays just in the middle of the top facet of the inclusion, because in this case the dislocation-induced step partly compensates the inclusion-induced "forward" step along all its length. Accommodation of the second type is caused by the empty space of the MP and its free surface, which provide local relaxation of the inclusion misfit strain. Again, within the models under discussion, we study only the first type of accommodation. The second type of accommodation is the subject of our future research.
Based on these three main ideas, we consider two models of MP-inclusion elastic interaction. First, we discuss a simple 2D model just to illustrate our approach and the most important qualitative features of the accommodation process ͑Sec. III B͒. Second, we present the results of a more complicated three-dimensional ͑3D͒ model, which elucidate our issues ͑Sec. III C͒. In the final part of Sec. III C, we compare the results of the 2D and 3D models.
B. Simple 2D model of micropipe-inclusion elastic interaction
Within this model, the MP and inclusion are assumed to lie in an isotropic infinite medium and are infinite along the z axis of the Cartesian coordinate system ͑x , y , z͒ ͓Fig. 7͑a͔͒. We neglect the short-range interaction between the MP free surface and inclusion, and so we model the MP as a screw dislocation. The coordinates of the dislocation are specified by ͑x p , y p ͒, the dislocation Burgers vector is designated by b = b z e z , and its magnitude is denoted as b. The inclusion occupies the region ͑x 1 Ͻ x Ͻ x 2 , y 1 Ͻ y Ͻ y 2 ,−ϱϽz Ͻϱ͒ and possesses two nonvanishing components of plastic distortion, ␤ xz i* and ␤ yz i* . The plastic distortion components ␤ xz i* and ␤ yz i* may be introduced by free shears of the inclusion domain along the yz and xz planes, respectively. The operation of such a free shear is illustrated in Fig. 5 for the case of ␤ xz i* component. ͑Generally speaking, the tensor of plastic distortion may also have some other nonvanishing components which are determined by both the dilatation and orientation misfits of the inclusion and matrix. Here we have chosen as a first approximation the simplest case. However, it provides the effective elastic interaction between the inclusion and MPs. Additional components of plastic distortion will not significantly affect MPs for the given geometry of the problem.͒ To calculate the force exerted on the screw dislocation by the inclusion, first, we calculate the stress field of such an inclusion. 31 of dislocation plastic distortion, one can see that the total eigenstrain induced by the four virtual dislocation arrays that model the inclusion is equal to the eigenstrain of this inclusion.
The total inclusion stress field may then be presented as a superposition of the stress fields created by the four arrays of virtual dislocations:
where 
͑4͒
The forces F x 2D and F y 2D exerted on the screw dislocation by the inclusion within the 2D model are as follows:
The vector fields of the force F 2D = ͑F x 2D , F y 2D ͒ acting on the screw dislocation are shown in Fig. 8 Figure 8͑a͒ shows the case of only one nonvanishing ͑and positive͒ component ␤ xz i* of the inclusion plastic distortion. In this case, the arrows inside the inclusion are directed towards its upper facet while the arrows outside the inclusion bypass it and finally meet at the center of its upper facet. This implies that the inclusion stress field attracts the screw dislocation to the center of the upper inclusion facet, independent of whether the dislocation initially lies inside the inclusion or outside it. This result corresponds well with our qualitative conclusion from the sketch in Fig. 6 ͑see Sec. III A͒. Figure 8͑b͒ illustrates another situation when the inclusion possesses two nonvanishing components of plastic distortion, ␤ xz i* and ␤ yz i* , and the magnitudes of these components are equal. In this situation, both inside and outside the inclusion, the forces acting on the screw dislocation are directed to the inclusion left upper corner. Therefore, the force exerted by the inclusion attracts the screw dislocation to this corner, where the screw dislocation is in a stable mechanical equilibrium. Thus, the calculations performed within the simple 2D model examined in this subsection demonstrate that the inclusion stress field attracts the MP to the inclusion boundary. However, this simple model neglects the existence of the MP free surface, the presence of the free crystal surface, and the finite heights of the inclusion and of moving MP segments. To account for the latter factors, in the next subsection we propose a more complicated 3D model of the inclusion and MP.
C. 3D model of micropipe-inclusion elastic interaction
Consider a parallelepipedic inclusion in a semi-infinite crystal with a flat free surface ͓Fig. 9͑a͔͒. Let the top and bottom facets of the inclusion be parallel to the free surface. In the coordinate system ͑x , y , z͒ with the origin at the free surface, the inclusion occupies the domain ͑x 1 Ͻ x Ͻ x 2 , y 1 Ͻ y Ͻ y 2 , z 1 Ͻ z Ͻ z 2 ͒. The inclusion is supposed to be characterized by two nonvanishing components of plastic distortion, ␤ xz i* and ␤ yz i* . Examine the elastic interaction of such an inclusion with a moving MP ͓Fig. 9͑a͔͒. We assume that the lateral motion of the MP in the course of crystal growth occurs by producing a kink at the dislocation line near the growth front. This kink produces a cylindrical cavity around itself, resulting in lateral MP motion. Thus, MP motion is assumed to be real- ized through consecutive formation of kinks at the dislocation line and their associated steps at the cylindrical MP surface ͓Fig. 10͑a͔͒. In our model, for the sake of simplicity, the MP is replaced by a full-core dislocation ͓see Figs. 10͑a͒ and 10͑b͔͒. We neglect the presence of the cylindrical cavity around the pipe dislocation but account for the presence of the flat crystal surface. This may partially be justified by the short-range character of the interaction of a dislocation-free MP with an inclusion, in contrast to the long-range interaction between the inclusion and dislocation.
The formation of a subsurface kink at the dislocation line may be considered as the generation of a rectangular glide dislocation semiloop ͓Fig. 10͑c͔͒. Therefore, the force acting on the moving subsurface MP segment is reduced to the force F that acts on the moving segment of the expanding dislocation loop ͓Fig. 10͑b͔͒. Assuming that the semiloop width ͑equal to the kink length͒ is a small parameter, the force F may be written as F = F x e x + F y e y , where
͑6͒
Here e i ͑i = x , y , z͒ is the unit vector of the coordinate system, W int is the energy of the inclusion-semiloop interaction, and ͑x s , y s ,0͒ and ͑x p , y p ,0͒ are the coordinates of the moving and immobile segments of the loop, respectively. It follows from formula ͑6͒ that the projections F x and F y of the force F may be written as F x = ͉ − ͓‫ץ‬W int ͑x s , y s = y p ͒ / ‫ץ‬x s ͔͉ x s =x p and F y = ͉ − ͓‫ץ‬W int ͑x s = x p , y s ͒ / ‫ץ‬y s ͔͉ y s =y p . As a consequence, the force F x may be calculated by considering the semiloop lying in the plane y = y p while the force F y may be found by examination of the semiloop lying in the plane x = x p ͓Fig. 9͑c͔͒. The expression for the interaction force F x may be obtained from the expression for the interaction force F y using appropriate coordinate transformations. Therefore, in the following, we consider the semiloop lying in the plane x = x p ͓Fig. 11͑a͔͒ and calculate the force F y acting on its moving segment. This semiloop is assumed to have a width 2p, height 2q, Burgers vector b = b z e z , and the line direction l shown in Fig. 11͑a͒ . To calculate the force F y acting on such a semiloop, in the Appendix we calculate its displacements u i . For generality, we consider a dislocation loop whose center lies at a distance d from the free surface z =0 ͓Fig. 11͑b͔͒. The dislocation loop shown in Fig. 11͑b͒ transforms into the dislocation semiloop shown in Fig. 11͑a͒ in the case d = q. Using the expressions for the displacement field of the dislocation semiloop shown in Fig. 11͑a͒ ͑given by formulas ͑A4͒-͑A6͒ and the relation d = q͒, we calculate the force F y acting on this semiloop. For this purpose, we write the expression for the energy W int of its interaction with the inclusion.
The energy W int may be written as
where V i is the domain occupied by the inclusion, V is the integration parameter, xz and yz are the components of the dislocation semiloop stress tensor, and ␤ xz i* and ␤ yz i* are the components of the inclusion plastic distortion, as above.
The stresses xz and yz are in the following relations with the semiloop displacements u i :
where ␤ xz * and ␤ yz * are the nonvanishing components of the dislocation semiloop plastic distortion tensor.
Insertion of ͑A3͒-͑A6͒ into ͑8͒ allows one to present the energy W int in the form
where x = x − xЈ, ỹ = y − yЈ, and 
In formula ͑10͒ the quantities ū i ͑i = x , y , z͒ are defined by the 
͑11͒
where z ± = z ± zЈ and R 1,2 2 = x 2 + ỹ 2 + z ϯ 2 .
In deriving formula ͑9͒, it has been assumed that the function W int ͑x , ỹ , z , zЈ͒ has no unremovable discontinuities. The validity of this assumption has been proven after obtaining an explicit expression for the force F y .
From formula ͑9͒ it follows that the force F y , acting on the semiloop in Fig. 10͑a͒ and defined as F y = ͉ − ͑1/2͒͑‫ץ‬W int / ‫ץ‬p͉͒ p=0 , may be presented as
where x 1 = x 1 − x p , x 2 = x 2 − x p , ỹ 1 = y 1 − y p , and ỹ 2 = y 2 − y p . Substitution of ͑A4͒-͑A6͒, ͑10͒, and ͑11͒ into ͑12͒ yields
where is the Poisson ratio. Thus, we have calculated the force F y exerted by the inclusion on a moving MP segment. The force F x acting on such a segment is derived from the expression for the force F y as follows:
͑14͒
The vector fields of the force F = ͑F x , F y ͒ acting on the MP segments are shown in Fig. 12 in the coordinate space ͑x p / q , y p / q͒ for x 1 = y 1 =−10q, x 2 = y 2 =10q, z 1 =0, z 2 =5q, = 0. Fig. 12͑b͔͒ while within the simplified 2D model they have only one equilibrium position at the center of the upper inclusion facet ͓see Fig. 8͑a͔͒ . Figure 12͑c͒ shows the case when the inclusion possesses two nonvanishing components of plastic distortion, equal in magnitude. In this case, MPs have two equilibrium positions located near the upper left ͑for b z Ͼ 0͒ and lower right ͑for b z Ͻ 0͒ inclusion corners. The equilibrium positions of MPs in Fig. 12͑c͒ ͑calculated within the 3D model͒ are close to the equilibrium MP position in Fig. 8͑b͒ ͑calculated for the same values of the inclusion plastic distortion within the simplified 2D model͒, but the general pictures of the force vector fields calculated within the 3D and within the simplified 2D model are different. However, both the models demonstrate that MPs are attracted to the inclusion boundaries. The exact equilibrium positions of MPs depend on the values of the inclusion plastic distortion components, which characterize the misorientation of atomic planes of the inclusion relative to the surrounding matrix.
IV. CONCLUDING REMARKS
The combined use of SR phase radiography with SEM and optical and photoluminescence microscopies allowed the revelation and identification of foreign polytype inclusions and the determination of the mechanism of MP agglomeration at their boundaries. MPs that nucleated in the bulk and crossed the crystal near the inclusions deviated towards them and reached them under the influence of the inclusion strain fields. The accumulation of MPs at the boundaries of the inclusions resulted in their merging into pores. The theoretical analysis of the elastic interaction between MPs and polytype inclusions shows that the interfaces of polytype inclusions are the sources of long-range elastic stresses that attract MPs. The equilibrium positions of MPs are situated at the inclusion boundaries. Besides pores, dislocation agglomeration within and near the MPs at the boundaries of polytype inclusions and stress concentration at the MP surfaces may initiate the generation and growth of microcracks nucleating at the MP surfaces. Such cracks with lengths ranging from tenths of millimeters to several millimeters have been documented by means of electron beam induced current investigations. 25 To provide a further insight into the processes responsible for MP-initiated crystal failure, it is important to analyze the mutual interaction between the polytype inclusions, MPs, full-core screw dislocations, and cracks formed at the boundaries of polytype inclusions. Such an analysis may allow identification of the conditions at which the bundles of MPs formed at or attracted to a polytype inclusion merge, producing pores, as well as the conditions for the formation of micro-and macrocracks at polytype inclusion boundaries.
In conclusion, it should be noted that the 3D model suggested in this paper accounts for the presence of the crystal surface and finite heights of moving MP segments and inclusions but neglects the presence of MP free surfaces. The latter disadvantage may be eliminated if one considers a 2D model of MPs and the inclusion which resembles the simplified 2D model examined in this paper but, in contrast to it, rigorously accounts for the free surfaces of MPs. Although such a model neglects the presence of the crystal surface and finite heights of moving MP segments and inclusions, it strictly accounts for the presence of MP free surfaces and thus complements the 3D model suggested in this paper. The theoretical analysis of the elastic interaction of the MPs and inclusion within such a 2D model will be the subject of the further investigations of the authors. 
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APPENDIX: DISPLACEMENT FIELD OF A RECTANGULAR GLIDE DISLOCATION LOOP PERPENDICULAR TO A FREE SURFACE
In this appendix, we calculate the displacement field u i of a rectangular glide dislocation loop perpendicular to a free surface ͓see Fig. 10͑b͔͒ . The expression for the displacement field u i of the dislocation loop shown in Fig. 10͑b͒ where r = ͑x , y , z͒ and rЈ = ͑xЈ , yЈ , zЈ͒ are the threedimensional vectors, drЈ = dxЈdyЈdzЈ, ⍀Ј is the half space zЈ ജ 0, C jlmn denotes the tensor of elastic moduli, ␤ nm * ͑r͒ is the plastic distortion created by the dislocation loop, and G ij ͑r , rЈ͒ is Green's function for a half space. In formula ͑A1͒ and below, summation is performed over repeated indices.
For an isotropic medium, the tensor C jlmn reads 31 C jlmn = ␦ jl ␦ mn + ͑␦ jn ␦ lm + ␦ jm ␦ ln ͒,
͑A2͒
where =2 / ͑1−2͒, is the shear modulus, is the Poisson ratio, and ␦ mn is the Kronecker delta. The plastic distortion ␤ nm * created by the dislocation loop ͓Fig. 10͑b͔͒ is as follows: 
